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A simplified method f o r  obtaining  free-flight measurements of 
damping in r o l l  through w e  of rocket-powered models has been develapedj 
and ini t ia l   configmatiom have been tested through a Mach number range 
of approximately 0.6 t o  l.b, which corresponds t o  a Reynolda number 
range of 4-3 X lo6 to 8 x lo6. The basic principle of t h i s  msthod is 
tha t  the model ie forced  to roll by a nonaerodymmic rolling moment of 
known ma@tude  which is produced by a canted-nozzle aseemblg, and the 
damping in roll i e  cmguted by balancing the  manentie acting on the model. 

The i n i t i a l  configuratione tested and reported herefn had rectan- e  wing^ of aspect  ratio 3 -71 and FTMA 63~009 and NACA 65~006 airfoil 

and is somewhat less than wing theory a t  supersonic 8peedS. 
E e C t i O I l E  The * p i n g  in rOU. i E  maintained  through trmeonic speeds 

. A shpl-tfied method fo r  obtaFning damping in  r o l l  exger3mezxLaU.y a t  
translonic and supersonic apeeds has bean developed which u t i l i zes  a 

nonaerodynmfc forcing moment produces r o l l ;  and, by maeuremente of the 
iner t ia  of the model, Mach number, and r o u  velo6ity,  the damping Fn 
roll can be determined with reasonable  accuracy- A description of the 
method and resu l t s  of the i n i t i a l  flight t ee t s  are reported herein. 

8hEpb rocket-powered model adaptable t o  6g8tWtiC test ing* A h O W n  

The two i n i t i a l  configurations tested were 1.3-scale models of 
roll-contrbl-effectiveness configurations 50 and 51 of reference 1 
witb rect-ar  wing^ of  aepect r a t i o  3 *71 and NACA 65~006 and 
NACA 65~009 airfoil aectione. The damping-tn-roll coefffcient was 
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obtained f o r  t h e m  configuratiane fKun a Maoh number range of approri- 
mately 0.85 t o  1.40, correspondFng t o  an approxtmte Reynolds number 
range of 4.5 x 10 6 t o  8 x lo6. Theee f'liat t es te  were conducted a t  
t h e  Pilot lees  Aircraft Research Test Station, Wallops Island, Va. 

rolllng-mmmt  coefficient - (A) 
damping-in-roll coefficient 

angular deflection of one aileron, degrees (equally deflected 
ailerons on a l l  wing panels) 

out-of -trim roll%-moment ooef f ic ient  

total-drag  coefficient 

t o t a l  drag, pounde 

rolling moment, foot-pounds 

r a t e  of change of rolling mamsnt with rolling velocity, 
foot -pounde 

radiam per aecond 

out-of -trh rolling moment, foot -PO& 

thruflt, pounds 

torque, pound-foot 

forward velocity, fee t  per second 



a longitudinal  acceleration, fecit per eecona2 

8; acceleration due t o  gravity,  feet per second2 

2k 
2v helix an- generated by wing t i p  In roll, radian6 

Q dynamic pressure, pounds per square f o o t  

M Mach number 

A 

b wing epan, feet  (diameter of circle generated by wing t i p s )  

S f  t o t a l  wing area of tm win@, equare f ee t  (wing panel asemed 
t o  extend t o  model center line) 

3 

7 angle of f l i#t  path to horizontal, degree8 

Subscripts: 

I sustainer-on f li&t 

2 coasting f Ugbt 
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A sketch of the modela med in this  lnveetigation  is ehown in 
figure 1. The mod018 are simply constructed with mum internal 
instrumentation to allow systematic flight testing of various wing con- 
figuratlone. A complete -1, as shown in figure 2, comiste of a 
wooden fuselage with reinforced wooden w, a n o m  contahing bstteriae 
and  8pinsand.e; a ballast  tube  that  attaches  to  rocket-motor head cap, 
and a rocket  motor with canted  nozzles. The installation of the  rockst 
motor with canted nozzles is flhown in figure 3 The canted-nozzle 
assembly COnSiBt8 of four a m a l l  nozzles which are offset  frm t h e  center- 
line of the model and eet at an angle to provide the dealred torque. 

The apparatus wed to obtain the  required  data  were: 

(a) A sptmonde in the n o m  of t h e  model which tranamfts’a 
polarized signal 

(b) A epimonde receiver on the ground which  receives the polarized 
a l p 1  and records a time history of rolling velocity 

(c) A continuous-wave Doppler radar unit which records a the 
history of forward velocity 

(d) Radiosonde equlpnt which  records abspheric data  at the 
t d  of the fli@t 

The forward velocity from the Doppler radar record f a  cmbined with 
static  preseure  and speed of sound fr.m the r.adiQsonds recwd to  compute 
Qnamic preasuse and Mach number, reepectivoly. 

The models me boceted from a rail-type launching etand, aa ahown 
in figure 4. 

TECHNIQUE 

The basic  principle of thie  techniqus 16 that  the mode1 is forced 
t~ r o l l .  by a nonaerodynmic r o U l n g  moment of l a o m  magnitude  which ie 
produced by the cmtsd-nozzle aseembly, and t h e  damping in roll is 
campubod by balancing t h e  mnm~tnts acting on the model. The momnte 
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caueFng r o l l  are. produced bg the torque of the  canted nozzle and the out 
of trim due to unavoidabb misalinement of cnmgonent parte of tbe model. 
The m n t e  oppoeing r o l l  are produced by the h e r t i a  of the rmdel and 
damping in r o l l  of the wfnge and body. For one degree of freedam, tne 
equation f o r  equilibrium can be written 

-, - 

I $ - L @ = T + &  (1-1 

Because both damping mament and out-of -trim mQzllr3zt are unlmown, twu 
canditions m m t  be found f o r  the same Mach number. Thie is accrun-pushed 
by wing both sustainer-on flight (denoted by eubscript 1) and coae thg  
flight (denoted by subscript 2).  ROW the equatfona are 

b 

Solvhg  theee 
and 2, yields 

two equations, aeaLnnlng Cz0 i a  the same fo r  conditions 1 

The r o m g  acceleration term of equation (5) is 8 mall factor in 
the evaluatian of Cz in this case, but ie  easily  applied by a fa i red  
point-by-point  differentiation of the r~llfnS-velocity-versus-tfms curve 
and by measuring the  her t ia   character is t ics  of the  mdel.  The Inertia 
of the model ie measured vfth the rocket motor loaded (launching 
condition) and empty (burnout condition) . The iner t ia  is c m t a n t  
during decelerathg flight (burnout condition); however, it €8 necessary 
t o  compute the iner t ia  dur ing  the accelerating fU#t wttile the powder 

P 



grain i8  burning. The grain is assumed t o  burn so tha t  the radium of 
gyration of the grain ramaina constant;  therefore, the inertia of the 
grain varies as  the mass. Since  the mass is burned a t  a c m t a n t   r a t e ,  
the inertia will be Unear with burning tFme - the t m  end pointe being 
hown . 

The torque produced by the canted nozzle can be determined in two , 
way8. The t o t a l  impulse of all rocket motors of the type used in th i s  
investigatton is conetant EO tha t  the thrust of each motor can be deter- 
mined by comparison with ground tests knonlng the ratio of b e g  timse. 
The torque produced b;y the canted nozzle is then cmputed by the 
relation ' 

T = Fd tan(cant angle) ( 6 )  

The other method which can be w e d  involves computing the torque from 
the rocket thrust obtahed from flight measurements of accelerations 
during sustainer-on.and  coasting  portions of the fli&t. The thrwt is 
computed from the flight data bg the relatfomhip between accelerations 
a t  the 8ame Mach number. 

Solving these two equatiane aesuming 

This equation does not  consider a correction  for base drag because this 
correction appeared t o -  be amall in the present  case The torques 
computed from flight data were corrected t o  the burning time of the 
ground tests with t d t a l  impulEIe remaining conetant The two extreme 
cases  are  plotted  againet time and compared t o  the. grow t e s t  in 
figure 5 .  All the other torque-tirns curves f e l l  within these limits. 
Part of the difference Fn torque shown may be due t o  an error in calcu- 
lating the burning-times of the rock& motor8.wed-in f l igh t .  This  
error wo-ald affect only the comparison show. -  figure 5 because the 
actual  torques w e d  to  calculats Cl were computed by the second 
method outlfned above,  which b e e  no% depend. u r n  burning tlms for 
accuracy. 
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- An evaluation of the factors that can c ~ w e  an error in Cz is P 
obtained by an analysis of equation (5) The re lat ive magaitudes of 
the  terms in the numsratm &re such that the amission of the p-mentheses 
containing the ?j terms muld caw8 about 2-percent error Fn C2 a t  P 
supersonic  speeds and about  8-percent error a t  transonic speeds. The 
factors oapable of produoing their  own,order of magnitude of errm 
in Czp  are the term containing  torque T and r o l l i n g  velocity 4-  
From the methods of recording and computing the torque and rolling 
velocity ueed fn these calculatfons, the accuracy of the magnitude 
of Czp f o r  any one modelie  estimated t o  be within *lO percent of a 
mean value. Tliis accuracy is increaeed by the w e  of tw6 or  more 
ident ical  models. 

. 
Three identical  models of each configuration were f l i&t- tes ted  to 

a l l o w  evaluation of this method  of testing. These mdele were boosted 
t o  a Mach rider of appro-tely 0.8 before  the  sustainer with canted 
nozzles was fired;  therefore, no data were obtained below this  speed. 
Typical  curves of forward velocity and rollFng velocity  plotted  agalnet 
tlme and t i p  helfx angle plotted against Mach number are presented in 
figures 6 and 7, respectively. The effect of the torque produced by 
the canted nozzles on the  r o w  veloofty oan readily be seen in these 
figures . 

Ro-g velocity f o r  the three identical  configurations with 
NACA 6 5 . ~ ~ 9  airfoi l   sect ion is plotted against Mach  number in figure 8( a). 
Incomplete sptmonde  data were recorded  for one of these mdelej only 
the  coasting  portion of the flight was recorded. This portion of the 
curve is show f o r  comparison purposes even though damping in roll 
could not be computed for th is  model. The trende of these curves are 
consistent Fn that t he  sign of reverses through traneonic speeds 
during coast- flightj however, the msgaitudes v a r y  because of the 
varying degree of unavoidable out-of-trim mrrment, 88 can be seen durhg 
the  coasting  portion of these curp.ee The rolling velocity due t o  
out-of -trim moment reverses through the transonic speed  region and is 
less effective  at  supersonic speeds than a t  subsmlc speeds. In fact ,  
the out-of -trim nmoment on mdel 2B became ineffective  at  aupereonic 
speeds. The oame of the out-of -trim moment is not known, but is 
believed t o  be largely due t o  misalinement of the WLnge (incidence). 

R o l l i n g  velocity f o r  the t h ree  identical  configurations with 
NACA 65~006 airfoi l   sect ion wfngs is plottea agafnst Mach  numbar in  
figure 8(b) It is interesting to nqte, in  figure 8, the  reversal of 
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the  out-of  -trim ro l l ing  velocity  for the 9-percent-thick VLng, indicating 
lateral  trim  inatability in t h e  transonic region, and no  reversal  for 
the  6-percent-thick wing. Evidently  this  reversal  is a wing-thlcknese 
effect  and may be overcome by utilizing very t h k  wing eectians. 

The damping-in-roll  coefficient  is  plotted  agaFnst  Mach  number in 
figure g(a) for an NACA 65~009 airfoil  eectfon wing and in figure g(b) 
for an NACA 65m06 airfoil  section Xing. Su.bsanic experimental data 
for a similar wing (NACA 16-009), reported in reference 2, are ahown in 
figure g(a), and flup6rsonic w h g  theory (reference 3) is shown Fn both 
figures g(a) and 9(b) It  can be seen that t h e  darqping in roll for 
both airfoil  sectione is maintained through t h e  transonic  speed  region, 
although a tendency  toward  decreased damping is ahom. The eupersonic 
values  of Czp are f a i r l y  conetant up to the hi@est  Mach number of 
these  tests. 

Having  determined the damping in r o l l  for these configwattone, the 
aileron rol lFng effectivenese mag now be established by comparison with 
roll-control tests reported in reference 4. Inasmuch as the damping Fn 

r o l l  is fairly  conetant in comparieon with the variation of - of 
t h e  roll-control  testa,  the trend of the  aileron r o l l i n g  effective- 
nese Czs, will be eFmiLar to that of - pb’2V through  the  tranaanic and 

supersonJc  speed range of these teste. Therefore, the reduction 

in - pb’m during the  traneonic  speeds  (reference 4) l e  ceused by a 

reduction in aileron r o W g  effectiveness. 

s, 

8, 

6, 

Using the values of - pb/2V for  the NACA 65AOOg section wing a8 
Be presented Fn reference 4. and Czp for model 2A f rom figure  9(a), C26 

was comp&ed by the  relation 
a 

. .. 

” 

.. 

where 8, IB the angUlar deflection  of one O.2O-&ord, fuu-spm 
aileron;  all wing pan&l+I  have  identical ailerone deflected equa l ly .  
These values  of Cz are plotted against Mach number  in figure XI. 

8a 
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Total-drag  coefficient was obtained f o r  these laodele and is plotted 
agalnet Mach  number Fn figure 11 with  the  total-drag  coefficient f o r  the 
slmilar ro~-control-effectiveness configuration of reference 1. The 
total-drag  coefficient for the roll-coatrol-effectiveness mdels 
with Oo20-chmd, full-span  ailerons  deflected  approxbately 5O 
(reference 1) was adjusted so that  C, Fn figure II is based upon 
t o t a l  area S, extending i n t o  fuselage  center lines, for direct  cam- 
parison with the-present  reeuLts  with 0’ aileron  deflection. The to ta l -  
drag c o e f f i c i e ~ t s   a w e   a t  subsonfc 6peed6, but  the  drag of the roll- 
control-effectiveness model with the  deflected  aileron and larger tip 
helix angle  (about 0.06 radians max. } is grea te r   a t  supersonic epee-. 

The accuracy of C z p  determined by t h i s  canted-nozzle  technique is 
dependent mhly upon the accuracy t o  which the  torque and - ro lUng 
velocity can be determFned. From the m e t h e   w e d  in the present  tests 
f o r  determFnFng theae  factors,  the accuracy o f - the  magnitude of C2 
for any one mobs1 5s eet~mated t o  be within *XI percent of a mean value. 

P 

The result6 of these  tes ts  ahow tha t  da?aplng fn r o l l  is maintained 
through transonic speech and is somewhat less than wlng theory a t  
supersonic speede. Inasmuch as  the &mpfng-Fn-roll coefficient 1s 

essentially  constant in COIJQar iSOI l  wlth - pb’2v (reference 4) through the 
transonic and supersonic speed range of these  testa,  the  trend of the 
a i l e r o n - r o ~ g - e f f e c t i v ~ e 6 8  parameter Cze, w i l l  be aimilar t o  that  

sa 

Langley Aeronautical  Laboratmy 
National Advisory Committee for Aeronautics 

Langley A i r  Force Base, Va 
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Figure 3.- Rear view of a research vehlola ehowlng the installation of the cante&-nozele assembly. - 
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Figure 4.- Research vekricle"booeter cambination in firing position on a 
rail-type launching stand. - 
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Figure 5.- Comparison of camputed torque with ground test. 
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Figure 6.- Typical time his- of roUing velocitq and farward velocity. 

. . . .  

[u 
0 

2 

8 
UI 
F 

r 

I 

. .. . 



.04 

.03 

.o 2 

.01 

0 

.a 9 1.0 1.1 1.2 I3 1 . 4  - 
Mach number 

.. . 



22 .. 
- ~ C A  RM ~9101 

.8 .9 I .o I .  I 1.2 I .3 I -4 
M 

(a) RACA 65A009 a y o i l  eect~on. 
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(b) W A  65AOO6 airfoil section. 

Figure 8.- Variation of rolling velocity with Mach number. 
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Figure 10.- Variation of rolling effectiveness with Mach number. 
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